To fully understand the evolution of sexual dimorphism, it is necessary to study how genetic and developmental systems function to generate sex-specific phenotype as well as sex-specific selection. Males and females show different patterns of energy storage and mitochondrial metabolism from early stages of life, and this may underlie sex-specific developmental pathway to shape both juvenile and adult phenotype. Here, we examined sex-specific relationships between juvenile morphology and behavior, and transcriptional profiles of 4 candidate genes related to mitochondrial function in the 3-spined stickleback. This study provides, for the first time to our knowledge, evidence for sex differences in melanin pigmentation and antipredator behavior as well as the expression of mitochondriarelated genes in juvenile sticklebacks. Males were paler and bolder, and overexpressed genes involved in mitochondrial respiration and antioxidant enzymes compared to females. Relationships between phenotypic traits and gene expression were also sex-specific. In general, females showed stronger positive correlations between body size or pigmentation and the expression of genes involved in mitochondrial biogenesis and activity. In both sexes, more fearful individuals overexpressed those genes. Our results suggest that mitochondrial function may either facilitate or constrain sex-specific responses to selection on dimorphic phenotype, possibly generating intralocus sexual conflict on the transcriptional regulation of mito-nuclear genes during ontogeny. This study highlights that mitochondrial regulation plays an important role in the process of phenotypic differentiation between the 2 sexes from early stages of life before apparent sexual dimorphism appears.
INTRODUCTION
In many animal populations, individuals show consistent phenotypic variation in functionally related morphological and behavioral traits (Pigliucci 2003) . It has been proposed that this phenotypic integration coevolved with different life-history strategies ("paceof-life syndrome hypothesis"; Ricklefs and Wikelski 2002; Hille and Cooper 2015) . Individuals that live faster, showing consistently accelerated life-history trajectories in growth and reproduction, often show different behavior and morphology patterns from slower individuals (Selman et al. 2001; Biro and Stamps 2008; Mckinnon and Pierotti 2010; Réale et al. 2010) . These phenotypic correlations are probably linked to individual differences in a suite of physiological traits (e.g., energy metabolism, hormones, and enzyme activity; McNab 2002; Ricklefs and Wikelski 2002; Careau and Garland 2015) , but the exact nature of this relationship is still poorly understood (Burton et al. 2011; Killen et al. 2013; Careau and Garland 2015) .
Because sexes have different reproductive roles, selection favors sex-specific phenotypes (Fairbairn et al. 2007 ) and their underlying physiological systems (Fargallo et al. 2014; Stuber et al. 2015) . Thus, males and females commonly show different patterns of energy storage and mitochondrial metabolism (Harmon et al. 2011; Rodnick et al. 2014) , and this probably results in sex-specific correlations between metabolism and other traits. Importantly, sexspecific selection pressures may vary among different life stages, affecting the patterns of gene expression over the developmental pathway to shape both juvenile and adult phenotype (Mank et al. 2010) . Thus, sexual differences in morphological and behavioral traits, gene expression and their covariation may be expected from early ages even when sexual dimorphism is not yet apparent (Badyaev 2002; Chou et al. 2016) . Some studies have shown sex-specific gene expression during development (Perry et al. 2014; Grath and Parsch 2016; Mank 2017) , including the expression of several mito-nuclear genes (i.e., nuclear genes whose products act within the mitochondria; e.g., in fish, Hale et al. 2011) . Despite these findings and their potential importance for understanding the evolution of sex-specific phenotypic integration, the link between gene-expression patterns and a suite of phenotypic traits prior to sexual maturity has not yet received much attention.
Mitochondria are subcellular organelles that potentially play a central role in modulating complex phenotypes and life-history trade-offs (Monaghan et al. 2009; Zhang and Hood 2016) . Mitochondria generate most energy in eukaryote cells by oxidizing nutrient components, but in turn producing reactive oxygen species (ROS) with possible damaging effects on biomolecules (McBride et al. 2006; Zorov et al. 2006; Kowaltowski et al. 2009 ). In some species, contrasting phenotypes are modulated by different developmental pathways (West-Eberhard 2003; Beldade et al. 2011) , including those involving metabolism (Das 2006; Marden 2013; Rittschof et al. 2015) . For example, in honeybees (Apis mellifera), caste determination is mediated by larval nutrition, which changes the expression patterns of genes, such as those related to mitochondrial (and energy) metabolism, with dramatic effects on morphology and behavior (Corona et al. 1999; Evans and Wheeler 2000; Kucharski et al. 2008) . In some animal species, mitochondrial biogenesis (i.e. the growth and division of mitochondria within a cell, Scarpulla et al. 2012 ) is upregulated in ecotypes with high energy demands (Dalziel et al. 2015; Scott et al. 2015) . Enhanced mitochondrial activity in these phenotypes also activates the expression of several other genes involved in mitochondrial antioxidant defense, such as superoxide dismutase and glutathione peroxidase (Orrenius et al. 2007 ).
The evolution of color polymorphism is often associated to correlated selection pressures on secondary sexual traits, behavior types, physiological characters, and life histories (Sinervo and Lively 1996; Sinervo et al. 2001; Tanaka 2001) . For example, within-population variation in the level of melanin pigmentation is integrated with personality-related behaviors (i.e., behaviors consistent across time and contexts) in some bird and fish species (Ducrest et al. 2008; Fargallo et al. 2014; Kim and Velando 2015) . The level of melanin pigmentation is probably linked with mitochondrial activity because it is regulated by energy homeostasis and oxidative stress (Ducrest et al. 2008; Metcalfe and Alonso-Alvarez 2010) . Indeed, a recent study provided in vitro evidence for a direct relationship between the synthesis of melanin pigment and the production of ROS by mitochondria (Boulton and Birch-Machin 2015) .
Here, we examined the sex-specific relationships between functional traits and the transcriptional profiles of genes related to mitochondrial metabolism in juvenile 3-spined sticklebacks (Gasterosteus aculeatus). At sexual maturity, male and female sticklebacks exhibit a clear sexual dimorphism in body size, color and behaviors (e.g., Kitano et al. 2007; Leinonen et al. 2011; Kotrschal et al. 2012; McGee and Wainwright 2013) , but little is known about sex-specific phenotypic patterns prior to maturity (but see Ramler et al. 2014) . We first evaluated sexual differences in growth patterns, melanin-based coloration and personality-related behavior in lab-born offspring of wild-caught sticklebacks. Juvenile sticklebacks exhibit remarkable within-population variations in melanin color and antipredator behavior (Bell and Sih 2007; Dingemanse et al. 2009; Greenwood et al. 2011) . A previous study using naive juveniles originated from our study population and reared in predator-free conditions found a genetic covariation of these traits (Kim and Velando 2015) . More melanized (i.e., camouflaged) and faster-growing families were bolder when foraging under predation risk.
In this study, we also analyzed the transcript levels of 4 nuclear genes involved in mitochondrial biogenesis and activity in muscle tissue of juveniles. Muscle is a high energy-demanding tissue, and fish muscle transcripts provide surrogate information concerning organism's metabolic phenotype and lifestyle (e.g., Derome et al. 2006; Lucassen et al. 2006; McClelland et al. 2006; Danzmann et al. 2016; Shama et al. 2016) . In relation to mitochondrial proliferation, we studied the expression of the peroxisome proliferator-activated receptor c coactivator 1α (pgc1a), a node regulator of mitochondrial biogenesis (Scarpulla et al. 2012) , and cytochrome c oxidase subunit 4 (cox4), a mito-nuclear gene that encodes a protein in the multi-subunit enzyme complex of the mitochondrial respiratory chain (Li et al. 2006) . We also examined the transcriptional abundance of 2 antioxidant enzymes, the superoxide dismutase 2 (sod2), a mitochondrial protein that transforms the toxic superoxide byproducts of oxidative phosphorylation (Zelko et al. 2002) , and glutathione peroxidase 1 (gpx1) that detoxifies the hydrogen peroxide and prevents mitochondrial oxidative stress (Arthur 2001; Handy et al. 2009 ). Sex-biased expression of these candidate genes is expected if mitochondrial metabolism during early development have been subjected to sex-specific selection. We expect upregulation of these mitochondria-related genes in more melanized, bolder, and faster-growing juvenile sticklebacks, who probably have higher metabolism. If sticklebacks show dimorphism in these functional traits during ontogeny, we also expect that these relationships differ between the 2 sexes.
METHODS

Study population and rearing condition
For this study, we used F1 juveniles from 31 full-sib families obtained by repeatedly crossing wild 3-spined sticklebacks (n = 16 males and 16 females) captured in the Rio Ulla (Spain) in 2013 (see Kim and Velando 2015) . Fry from each full-sib family was reared in 2 or 4 growth tanks (24 × 16.5 × 17.5 cm), each housing 11 or 12 individuals (n = 112 tanks). The tanks were connected to the closed water systems equipped with a mechanical filter, a circulation pump and a flow-through water-cooling device. Juvenile fish were fed daily on a progressive diet of newly hatched Artemia and a commercial pelleted diet (Gemma Micro, Skretting, Norway). The water temperature in the growth tanks reflected the seasonal pattern at the sampling site of the parent fish (16 °C in May~20 °C in July~14 °C in November). The natural photoperiod was simulated by programmed LED illumination.
Body mass, pigmentation, and behavior
Body mass, melanin-based coloration, and risk-taking behavior were measured during September-November in a subset of 5-month-old F1 juvenile fish (n = 224) (see also Kim and Velando 2015) . Two individuals were randomly selected in each growth tank. The selected individuals were weighed, photographed, and permanently marked under a low dose of benzocaine anesthetic. Each anesthetized fish was placed on a wet fabric of neutral color alongside a scale reference and its lateral side was photographed using a tripod-mounted digital camera (Nikon D90, Nikon Corp., Tokyo). The positions of photographer, camera, LED illumination, and fish were always the same. Immediately after photographing, the fish was marked with 1 of 4 color elastomer tags (Northwest Marine Technologies, Shaw Island, WA) on either anterior or posterior dorsal of both lateral sides to allow rapid identification among different individuals in the same observation tank. The marked fish was allocated to an observation tank (33 × 18 × 19 cm) for behavior observations. A total of 28 observation tanks were prepared for this study. Each observation tank contained 8 juvenile sticklebacks from 8 different growth tanks.
Melanin pigmentation of each fish was quantified from the digital image by measuring pigmented area and grayscale intensity of the pigmented area, using image analysis software (analySIS FIVE, Olympus Corp., Münster). In each fish, we determined lateral body areas that ranged 0-60 in intensity (varying from black at 0 to white at 255) across the whole range of hue and saturation, excluding pupil area. The relative size of the pigmented areas was calculated as the percentage of the total lateral body area. Mean intensity of the pigmented areas was calculated based on relative sizes of the fragmented areas and their intensity values. The first principal component of relative size and mean intensity of the pigmented area (PC 1 correlation scores; relative size, 0.91, intensity, −0.91) was used in the statistical analyses of melanin pigmentation.
Marked sticklebacks were allowed to acclimate in observation tanks for 5 days before behavior observations. Each tank had a sponge filter, an artificial plant and a food cup in which chopped bloodworms were provided once a day. During the acclimation, fish were accustomed to feed on bloodworms in the food cup. After acclimatization, risk-taking behavior was tested repeatedly (i.e., 4 times) during 6 days (i.e., on days 1, 2, 5, and 6) for each individual. Risk-taking behavior was tested by assessing individual willingness to forage under predation risk simulated by a model avian predator (the grey heron Ardea cinerea) in the observation tank. We attached a dummy head of a grey heron over the tank and added bloodworms to the food cup. When at least one fish approached the food cup, an attack was simulated by quickly releasing the predator's head. Individual behaviors were observed for 300 s while the predator model was still present above the tank. The time taken since the attack for each individual to take the first bite of food was recorded. Since this behavior was measured simultaneously in all individuals in the same observation tank, nonindependence of samples was taken into account in our statistical analyses. These fishes were also used in another behavior study as an experimental group treated with simulated predation risk (Kim 2016) . Predation was simulated chemically by adding water from an aquarium holding a predator (brown trout, Salmo trutta) and visually by introducing a model trout into the tank and chasing the sticklebacks during 5 days (on days 2-6) of the behavior study (see Kim 2016) . Repeatedly measured risk-taking behavior was significantly consistent within individuals (LMM-based repeatability, R = 0.524, 95% CI: 0.493-0.554, P < 0.0001). Thus, the first principal component of 4 repeated measurements (PC1 correlation scores > 0.60, for the 4 measures of risk-taking behavior) was used in our analyses of this behavior.
Tissue sampling, RNA isolation, and gene expression All individuals, except 3 individuals that died during the behavior study, were sacrificed by an overdose of benzocaine anaesthetic on day 6. Skeletal muscle tissue from dorsal area between spinal cord and dorsal spines was collected from each individual using nucleasefree dissection instruments. Samples were embedded in 200 µL of RiboZol (Amresco) and tissues were homogenized using RNase-free pellet pestles (Sigma-Aldrich) until they were totally disaggregated. A volume of 800 µL of RiboZol was added to each homogenized sample to obtain a final volume of 1 mL per sample. The prepared samples were kept at −80 °C until the isolation of RNA to ensure the RNA integrity. Total RNA was isolated following the RiboZol manufacturer's instructions. All samples were treated with DNase I to remove any contaminating DNA and the treated RNA was purified using the DNA-Free RNA kit (Zymo Research). The concentration and quality of RNA in each sample was quantified using a microplate spectrophotometer (Synergy HT with Take3, BioTek). Eleven samples were excluded in the study because they showed low amounts of RNA. First-strand cDNAs were synthesized with qScript cDNA Synthesis Kit (Quanta Biosciences) using 500 ng of total RNA. The cDNA was stored at −20 °C until real-time quantitative polymerase chain reaction (RT-qPCR) analysis.
The expression profiles of mitochondria-related genes were estimated based on relative quantitation of mRNA transcripts, assayed by RT-qPCR using a StepOnePlus Real-Time PCR Systems (Applied Biosystems, Forest City, CA). We analyzed the expression of the peroxisome proliferator-activated receptor c coactivator 1α (pgc1a), the cytochrome c oxidase subunit 4 (cox4), the superoxide dismutase 2 (sod2), and glutathione peroxidase 1 (gpx1) genes. Gene-specific primers were designed using sequence information obtained from Ensembl (Version 82, http://www.ensembl.org/ Gasterosteus_aculeelatus; Table 1 ). We also used previously published primers for gene expression of pgc1a (Orczewska et al. 2010 ; Table 1 ). Most similar sequences were searched by using Basic Local Assembly Search Tool (BLAST) to confirm the annotation of the sequences. Primers were synthesized by Sigma-Aldrich Química (Madrid, Spain). The efficiency of gene-specific primers was checked to ensure similar values in amplification. The efficiency of each amplicon was estimated from the slopes of the amplification curves for each qPCR reaction and averaged for each gene using LinRegPCR software (Ruijter et al. 2009; Robledo et al. 2014) . Selected primers were considered acceptable when the estimated efficiency was between 1.8 and 2.0, and the melting curve presented one single peak corresponding to the denaturalization of a single PCR product. Elongation factor 1 alpha gene (ef1a) and ribosomal protein l13a (rpl13a) have been identified as stable housekeeping genes in previous studies of the 3-spined stickleback (Hibbeler et al. 2008; Orczewska et al. 2010 ), so they were used as reference genes. These reference genes were highly stable in a naive model (no control genes specified; see below). The level of expression was measured in a 20 µL reaction volume, containing 0.6 µL of each primer (10 µM), 10 µL of Luminaris Color HiGreen qPCR Master Mix, high ROX (Thermo Fisher Scientific), and 1 µL of sample. The cycling conditions were set to 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. All reactions were performed in triplicate. Quantification cycle (hereafter Cq) values were highly repeatable in all amplicons (Table 1) .
Molecular sexing
We used a part of 3′UTR of the NADP-dependent isocitrate dehydrogenase 2 gene (Idh-2) for molecular sexing of 3-spined sticklebacks (Peichel et al. 2004 ). This marker is highly reliable for sex identification in Atlantic populations of this species (100% correct sex identification, Toli et al. 2016) . We also validated this marker in 6 adults from the study population, sexed by external morphology and behavior (expression of red coloration in males and spawning in females, a subset of those used in Kim 2016) . In our population, this marker correctly sexed all individuals, producing consistently 3 bands in males and a single band in females in all cases. Total DNA was isolated using a NaOH method (Meeker et al. 2007 ). Briefly, internal organ tissues from the sacrificed individuals (see above) preserved at −80 °C were homogenized in 300 µL of a NaOH 0.1M solution using pellet pestles. Samples were incubated at 96 °C for 10 min and DNA concentration was quantified using a Synergy HT (BioTek). We used the primers idh-F (GGGACGAGCAAGATTTATTGG) and idh-R (TTATCGTTAGCCAGGAGATGG), and PCR conditions were: initial denaturalization of 5 min at 94 °C followed by 40 cycles for 45 s at 94 °C, 45 s at 56 °C and 45 s at 72 °C, ending with a final extension of 5 min at 72 °C. PCR products were resolved into an agarose gel (1.5%).
Statistical analyses
Sexual differences in morphology and behavior were analyzed using linear mixed-effect models (LMM) and generalized linear mixed models (GLMM), including full-sib family identity as a random effect. Body mass and melanin pigmentation were analyzed using LMMs. Since the principal component (PC1) for risk-taking behavior followed a bimodal distribution, we categorized this as a 2-level factor (PC1 positive values indicating fearful juveniles, those taking more time to approach the food cup after an attack, and negative values bold juveniles). Fearful juveniles took more time to approach the food cup after an attack than bold juveniles (mean ± SE, fearful: 286 ± 3 s, bold: 125 ± 5 s, t 208 = 27.26, P < 0.0001), and these differences were consistent in the 4 behavioral tests (t > 13.5 and P < 0.0001 in all cases). Thus, we analyzed risk-taking behavior using a GLMM with a binomial distribution and logit link. In this model, observation tank identity (in which the behavior was tested) was included as an additional random effect. Mixed model analyses were conducted with the lme4 package (Bates et al. 2014) in R (version 3.3.1).
Poisson-lognormal distribution is particularly suitable to analyze RT-qPCR transcript data because low-abundant targets typically show high variance (Morrison et al. 2006) . We analyzed relative gene expression by using a multivariate generalized linear mixed model with a Poisson-lognormal distribution and a Bayesian Markov Chain Monte Carlo (MCMC) sampling scheme, using the MCMC.qpcr package (Matz et al. 2013) implemented in R. In this multivariate model, all genes were simultaneously analyzed as response variables. Pairwise comparisons using MCMC models yield similar results to those using the standard delta-CT analyses (Matz et al. 2013) . Nevertheless, the analysis of mRNA transcripts using a multivariate mixed model is more powerful and allows estimating complex effects, such as those involving interactions, and incorporating important sources of variation as random effects in the model (Steibel et al. 2009; Matz et al. 2013 ). This approach is especially adequate for analyzing our data and testing sex-specific relationships between phenotypic traits and gene expression.
Briefly, we first transformed the raw Cqs estimated by StepOnePlus software (v2.3) into molecule counts, taking into account the efficiency of each amplicon using a modified version of cq2counts function (MCMC.qpcr package) to handle continuous variables. In the model, sex and risk-taking behavior (categorized variable; see above) were included as fixed factors, and body mass and melanin pigmentation (PC1) as continuous terms. The model also included interactions between sex and phenotypic traits. Additionally, variation in the quality and quantity of biological material among samples (global effects) and inter-run variation were taken into account in the model by including sample and plate as random effects. Full-sib family identity was also included as an additional random effect. The model was run including ef1a and l13a as reference genes ("soft normalization" in MCMC.qpcr package, Matz 2015. Our model satisfied the linearity and homoscedasticity criteria, as indicated by diagnostic plots. Similar results were achieved by a "classic" model using the established multi-gene normalization (Vandesompele et al. 2002) , but this model was less adequate to our data according to diagnostic plots. The statistical significance of posterior distribution of parameters was estimated as a Bayesian 2-sided P-value (P MCMC ), which is twice the fraction of all sampled values by MCMC that crosses zero with respect to the mean. The model-predicted transcript abundances (modelderived values accounting for inter-run variation and global effects) were plotted using the ggplot2 package (Wickham 2011) in R. Since interactions between sex and phenotypic traits were significant (see Results for details), separate models were also fitted for each sex to explore sex-specific relationships. Additionally, in LMMs including family as a random effect and using model-predicted abundances as dependent variables, we examined the sex-specific coregulation of gene expression, focusing on potential causal relationships between pgc1a (i.e., regulatory signal) and cox4 (a subunit of the mitochondrial respiratory chain) and between cox4 and antioxidant enzymes (sod2 and gpx1).
RESULTS
At age 5 months, juvenile sticklebacks did not show significant sexual difference in body mass (Figure 1a ; LMM, χ 2 = 1.06, P = 0.30; Supplementary Table S1), but there were remarkable sexual differences in melanin pigmentation (Figure 1b ; LMM, χ 2 = 8.64, P = 0.003; Supplementary Table S1) and risk-taking behavior (Figure 1c ; GLMM, χ 2 = 4.81, P = 0.028; Supplementary Table  S1 ). Males were significantly paler and bolder than females.
Overall, the expression of mitochondria-related genes was male biased ( Table 2 ). The multivariate model analysis revealed sex-specific patterns of covariation between gene expression, and morphological and behavioral traits (Table 2; Figure 2 ).
In both sexes, heavier individuals showed higher abundance of pgc1a transcripts (Table 2; Figure 2a) , suggesting a positive correlation between mitochondrial metabolism regulation and juvenile body size. Nevertheless, the 2 sexes differed in the covariation patterns between body mass and the expression of other mito-nuclear genes (Table 2) . Juvenile females showed a positive correlation between body mass and the abundance of antioxidant enzyme transcripts (sod2, P MCMC < 0.001; gpx1, P MCMC = 0.048; Figure 2a ). Female body mass was not related to transcript abundance of cox4, Estimated coefficients expressed as natural logarithms of fold-changes, 95% credible intervals and P values derived from the posterior distribution are provided. Figure 2a) . In contrast to females, body mass of juvenile males was negatively related to the expression of sod2 and gpx1 (P MCMC < 0.001 in both cases; Figure 2a ) and cox4 (P MCMC = 0.014; Figure 2a) .
The relationship between melanin pigmentation and the expression of mitochondria-related genes, except pgc1a, was also sex-specific (Table 2; Figure 2b) . In juvenile males, the level of pigmentation was not correlated with the expression of any gene (P MCMC > 0.27 in all cases). In females, pigmentation was positively correlated with the expression of all genes (Figure 2b ; Table 2 ), except pgc1a (P MCMC = 0.25). Thus, more pigmented females significantly upregulated genes coding cox4 subunit and antioxidant enzymes in comparison to paler females (P MCMC < 0.001 in all cases, Figure 2b) . Personality-related behavior (i.e., risk-taking behavior) had a significant effect on gene expression in both sexes (Table 2 ). Bold individuals downregulated all mitochondria-related genes compared with fearful juveniles (Figure 2c) . Additionally, there was significant behavior × sex interaction, suggesting sex-specific patterns of covariation between gene expression and behavior (Table 2 ). In the expression of cox4, the difference between fearful and bold juveniles was greater for males, but in the expression of sod2 and gpx1 the difference was slightly greater for females.
Abundances of cox4 and pgc1a transcripts were positively correlated (Figure 3a) , although males showed a slightly steeper relationship than females (LMM, interaction pgc1a x sex, χ 2 = 6.26, P = 0.012; Supplementary Table S2 ). The abundance of antioxidant gene transcripts also showed a sex-specific correlation with cox4 abundance (interaction cox4 × sex for sod2: χ 2 = 69.45, P < 0.001; for gpx1: χ 2 = 31.04, P < 0.001; Supplementary Table S2) . Females, but not males, showed positive relationships between the expression levels of cox4 and both antioxidant genes (Figure 3b,c) .
DISCUSSION
In this study, we detected sexual differences in melanin pigmentation and behavior in juvenile sticklebacks by using molecular sex markers. Male juveniles were paler (i.e., less camouflaged) and bolder than females, suggesting that male juveniles exhibited a riskier strategy, as occurs at the adult stage (King et al. 2013) . Sex differences of juvenile sticklebacks have been unexplored in previous studies, probably because it has been thought that sexual dimorphism does not appear before sexual maturation in this species. The expression of mitochondria-related genes also exhibited strong sex differences, and the explored genes were generally overexpressed in males. We also found sex-specific relationships between functional phenotypic traits, especially in morphology (body size and pigmentation), and the expression of mitochondria-related genes. Female juveniles showed a stronger positive integration between the morphology traits and gene expression than males. In both sexes, risk-taking behavior was linked to transcript abundance of all study genes, but with subtle sex differences. Importantly, the expression of genes involved in mitochondrial biogenesis and activity were highly coupled in females, but not in males, at the juvenile stage. Overall, our results highlight the role of mitochondria modulating complex phenotypes and sex-specific trade-offs during development.
Sex-specific relationships between phenotypic traits and gene expression Body mass at age 5 months was positively linked to the expression of genes involved in mitochondrial biogenesis (pgc1a) and antioxidant activity (sod2 and gpx1) in female juveniles, suggesting that individual differences in mitochondrial metabolism may underlie differences in female growth rates (Salin et al. 2012) . Body mass of male juveniles correlated positively with the expression of pgc1a gene, but negatively with the expression of genes coding antioxidant enzymes (sod2 and gpx1). Heavier male juveniles showed lower production of proteins involved in mitochondrial antioxidant defense, suggesting that oxidative stress may constrain body size in males (Metcalfe and Alonso-Alvarez 2010) . In our study, sexual dimorphism in body mass was not evident in 5-month-old juveniles. However, adult males are smaller than adult females in this population; male sticklebacks start to develop some sexual traits during ontogeny and slow their investment in somatic growth during the breeding season (our own unpublished data). Indeed, male sticklebacks store carotenoids in various tissues during development, probably to be later mobilized to the throat integument during maturation (Black et al. 2014) . In salmonids, immature males and females also have different expression profiles of genes involved in nutrient regulatory mechanisms, suggesting that sexes may differ in their energy metabolism prior to sexual maturation (Manor et al. 2015) . Differences in antioxidant allocation, energy metabolism and/or mito-nuclear coordination (discussed below) may explain sex-specific correlations between body mass and gene expression reported here. Irrespective of the mechanism, our study reveals that sex-specific covariation between gene expression and body mass occurs at juvenile stage before apparent sexual size dimorphism appears. Figure 3 Sex-specific relationships between normalized gene expressions in females (red) and males (blue). Normalized gene expression is expressed as log 2 -transformed transcript abundance.
Female juveniles displayed strong melanin coloration, which has high heritability in this population (Kim and Velando 2015) . Females with darker coloration overexpressed genes in muscle coding for mitochondria-acting proteins (cox4, sod2, and gpx1) in comparison to less pigmented individuals. This suggests a link between melanin pigmentation and metabolic phenotype, as reflected by gene expression profiles in muscle. Tyrosinase, an enzyme that catalyzes the production of melanin by tyrosine oxidation (Körner and Pawelek 1982) , plays a primordial role in melanogenesis in animals, including the 3-spined stickleback (Greenwood et al. 2011 ). Tyrosinase activity is regulated by prohibitin, a protein present in the mitochondria of melanocytes and also involves in mitochondrial biogenesis (Ni-Komatsu and Orlow 2007) . In the zebrafish (Danio rerio), melanin synthesis during development is regulated by mitochondrial transport of hydrogen cations to the cytosol (Jung et al. 2005; Ni-Komatsu and Orlow 2007) . In vitro studies indicate that pigmentation in melanocytes is induced in response to mitochondria-mediated ROS production (Boulton and Birch-Machin 2015) . Thus, melanocyte function and pigmentation is potentially related to energy metabolism and mitochondria by several pathways (see also Feichtinger et al. 2014 ). In our study, male juveniles showed a low level of melanization, which was unrelated to gene expression profiles. Sexual dimorphism in juvenile coloration and its relationships with gene expression may reflect sex-specific constraints during the development. In the 3-spined stickleback, adult females show similar coloration to juveniles, but adult males show a bright body surface that stresses red nuptial color and increases the chance of being detected by a female from a distance (McLennan 2006) .
In our study, personality was characterized by repeatedly measuring risk-taking behavior under predation risk. This behavior is highly heritable and consistent within individuals in our study population (Kim and Velando 2015; Kim 2016) . In both sexes, contrary to our expectation, bolder juveniles downregulated genes involved in mitochondrial metabolism. In fishes, individuals with high levels of activity and boldness tend to show increased levels of metabolic rates (reviewed in Metcalfe et al. 2016) . A possible explanation for our result is that bolder individuals may have more efficient mitochondria, with low rates of mitochondrial turnover. Alternatively, the correlation between risk-taking behavior and the expression of mitochondria-related genes may indicate differential responses to stress according to personality phenotype. The behavior test was conducted under stressful conditions, that is, frequently simulating predation risk during a short time period. Thus, fearful individuals might accelerate metabolism due to their higher sensitivity to stress (Martins et al. 2011 ; but see Rupia et al. 2016) . The relationships between behavior and gene expression were generally of similar direction across the sexes, but their magnitudes were sexspecific. In some stickleback populations, male adults show more risk-taking behaviors with high-returns than females (King et al. 2013) , probably due to sex-specific strategies of maximizing fitness (Bonduriansky et al. 2008 ). In our study, male juveniles were also bolder than females, suggesting that sex-specific constraints may also govern behavioral phenotype at the juvenile stage.
Sex-specific relationships in the expression of different genes
In vertebrates, the pgc1a plays a central role in transducing and integrating physiological signals, such as elevated ROS, ATP demand and growth factors, to the transcriptional machinery governing the mitochondrial proliferation and function (Handschin and Spiegelman 2006; Austin and St-Pierre 2012; Scarpulla et al. 2012) . Compared to mammals, it seems that fish pgc1a structurally lacks some binding sites , such as those integrating energy demands via AMP-activated protein kinase (Bremer et al. 2016) . Probably for this reason, its role in mitochondrial biogenesis during thermal acclimatization is minor (LeMoine et al. 2008; Orczewska et al. 2010; Bremer et al. 2012) . Nevertheless, most regulatory sites of pgc1a are highly conserved across vertebrates , and several other signalling pathways modulate pgc1a expression and metabolic processes (Hock and Kralli 2009; Fernandez-Marcos and Auwerx 2011) . In fish, sustained swimming upregulates pgc1a in skeletal muscle (Magnoni et al. 2013) , although this effect may be transient (McClelland et al. 2006; ). In our study, mRNA levels of cox4 were highly correlated with pgc1a levels, and an energy demanding phenotype, that is, large body size, was also associated with high mRNA levels of pgc1a in both females and males. Overall, these results suggest that pgc1a plays an important role during the growth of fish. Given the broad regulatory effects of pgc1a, further studies are needed to explore the mechanisms underlying the coordinated regulation of its expression and mito-nuclear genes found in this study.
In our study, muscle mRNA levels for the 4 nuclear-encoded genes were highly correlated in female but not in male juveniles. Overall, our study indicated that females showed more coordinated transcriptional profiles of mito-nuclear genes, which correlated with morphological traits at the phenotypic level. This sex-specific integration between gene expression profiles and phenotypic traits may reflect the differential investment in growth or differential mitochondrial functions of males and females during development. Mitochondria are multifaceted organelles involved not only in energy metabolism but also in other functions, such as apoptosis, calcium levels, lipid biosynthesis and several cell signaling pathways (McBride et al. 2006; Friedman and Nunnari 2014; Hill and Van Remmen 2014) . In our study, we also found male-biased gene expression, which may be suggestive of sex-specific selection or sex-specific constraints on mitochondrial metabolism during early development (Mank 2017) .
CONCLUSION
Ubiquitous sex differences in morphology, physiology, behavior, and life history have often been studied to seek their ultimate, evolutionary explanations in terms of sex-specific patterns of selection. However, we need to learn also about how genetic and developmental systems function to generate sex-specific phenotype to understand the evolution of sexual dimorphism (Bonduriansky 2007) . Our results of gene expression profiles provide evidence that nuclear genes involved in mitochondrial metabolism underlie individual variation in morphology and behavior at the juvenile stage. Sex-specific patterns of such integration suggest that mitochondrial function may either facilitate or constrain sex-specific responses to selection on dimorphic phenotype. Morphological and behavioral traits explored here are closely related to fitness. Thus, future quantitative genetic studies should explore if the sex-specific integration produce intralocus sexual conflict on the transcriptional regulation of mito-nuclear genes during ontogeny (Chippindale et al. 2001) . Our study highlights that molecular mechanisms for sexual differentiation in life-history trajectories function during early stages, before apparent sexual dimorphism appears, and that mitochondrial regulation plays an important role in this process.
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